Microscale technologies are emerging as powerful tools for tissue engineering and biological studies. In this review, we present an overview of these technologies in various tissue engineering applications, such as for fabricating 3D microfabricated scaffolds, as templates for cell aggregate formation, or for fabricating materials in a spatially regulated manner. In addition, we give examples of the use of microscale technologies for controlling the cellular microenvironment in vitro and for performing high-throughput assays. The use of microfluidics, surface patterning, and patterned cocultures in regulating various aspects of cellular microenvironment is discussed, as well as the application of these technologies in directing cell fate and elucidating the underlying biology. Throughout this review, we will use specific examples where available and will provide trends and future directions in the field. microfabrication ͉ review ͉ soft lithography ͉ stem cells ͉ microfluidics
ach year in the U.S., millions of people suffer from a variety of diseases that could be aided from therapies such as organ transplantation. However, despite the widespread need for transplantable tissues, many patients die while waiting for donor organs. It is from this need that the field of tissue engineering has emerged. Tissue engineering is an interdisciplinary field that involves the use of biological sciences and engineering to develop tissues that restore, maintain, or enhance tissue function (1) . Tissue engineering has particular advantages over other therapies such as drugs because it can provide a permanent solution to the problem of organ failure. In general, there are three main approaches to tissue engineering: (i) to use isolated cells or cell substitutes as cellular replacement parts, (ii) to use acellular biomaterials capable of inducing tissue regeneration, and (iii) to use a combination of cells and materials (typically in the form of scaffolds) ( Fig. 1) (2) .
Despite significant advances in tissue engineering (3) , which have resulted in successful engineering of organs such as skin and cartilage, there are a number of challenges that remain in making offthe-shelf tissue-engineered organs. These barriers include the lack of a renewable source of functional cells that are immunologically compatible with the patient; the lack of biomaterials with desired mechanical, chemical, and biological properties; and the inability to generate large, vascularized tissues that can easily integrate into the host's circulatory system with the architectural complexity of native tissues.
Microscale technologies are potentially powerful tools for addressing some of the challenges in tissue engineering (4) . MEMS (microelectromechanical systems), which are an extension of the semiconductor and microelectronics industries, can be used to control features at length scales from Ͻ1 m to Ͼ1 cm (5) . These techniques are compatible with cells and are now being integrated with biomaterials to facilitate fabrication of cell-material composites that can be used for tissue engineering. In addition, microscale technologies allow for an unprecedented ability to control the cellular microenvironment in culture and miniaturize assays for high-throughput applications (Fig. 2) .
In the past few years, microfabrication has been increasingly used in biomedical and biological applications, partly because of the emergence of techniques such as soft lithography to fabricate microscale devices without the use of expensive ''clean rooms'' and photolithographic equipment (5) . Soft lithography is a set of microfabrication techniques that use elastomeric stamps fabricated from patterned silicon wafers to print or mold materials at resolutions as low as several hundred nanometers (6 -9) . Therefore, soft lithography can be used to control the topography and spatial distribution of molecules on a surface, as well as the subsequent deposition of cells (10, 11) . Soft lithographic methods can also be used to fabricate microf luidic channels and scaffolds for tissue engineering in a convenient, rapid, and inexpensive manner (5, 12) . In addition, photolithography, a technique in which microscale features are fabricated based on selective exposure of a material to light, can also be used for microfabrication of tissue engineering structures.
In this review, we will discuss the use of microfabrication technologies as they relate to tissue engineering in addressing challenges such as vascularizing engineered tissues, fabricating 3D structures, directing stem cell fate, and controlling cellular microenvironment. In addition, we will discuss the use of these technologies for providing significant insights into cellular behavior in vitro and for creating physiological microenvironments in culture. We will first discuss the use of microscale approaches as they apply directly to tissue engineering in fabricating scaffolds and bioreactors. We will then discuss the use of these technologies as they apply to tissue engineering indirectly through their use in controlling cellular microenvironment.
Microscale Approaches for Tissue Engineering
Cell-Seeded, Microfabricated Scaffolds. In many tissue engineering applications, scaffolds are used to provide cells with a suitable growth environment, optimal oxygen levels, and effective nutrient transport as well as mechanical integrity (13) . Scaffolds aim to provide 3D environments to bring cells in close proximity so that they can assemble to form tissues. Ideally, as the scaffold is degraded, the cells deposit their own extracellular matrix (ECM) molecules and eventually form 3D structures that closely mimic the native tissue architecture. Currently, tissue engineering scaffolds are prepared by using a variety of techniques, such as solvent casting and particulate leaching (14) . However, scaffold properties such as pore geometry, size, interconnectivity, and spatial distribution depend on the fabrication process rather than design. The inability to generate desired scaffolds has hindered the construction of engineered tissues that are larger than a few hundred micrometers due to oxygen diffusion limitations (15, 16) .
Microfabrication approaches have been used to engineer the desired microvasculature directly into the tissue engineering scaffolds (17, 18) . Initial experiments used micromachining technologies on silicon surfaces to generate vascularized systems. Subsequent work on the replica molding of biocompatible polymers from patterned silicon wafers has resulted in the fabrication of biocompatible scaffolds (Fig. 2B) . Originally, such scaffolds were fabricated from poly(dimethylsiloxane) (PDMS) (17) , a transparent, biocompatible elastomer that is widely used in replica molding (5, 19) . More recently, microfabricated capillary networks have been fabricated out of biodegradable elastomers such as poly(DL-lactide-co-glycolide) (PLGA) (20) and poly(glycerol sebacate) (PGS) (21) . PLGA has been used to generate biodegradable microfluidic systems and microfabricated scaffolds by superpositioning and stacking multiple layers of fabricated structures (20, 21) . These artificial capillary networks were coated with fibronectin and seeded with endothelial cells, which grew to confluence within a few days.
However, there are potential disadvantages with the use of PLGA, including its rigid mechanical properties (22) and bulk degradation kinetics (23) . Thus, to improve the mechanical properties and to allow for surface erosion instead of bulk erosion of biodegradable scaffolds, other polymers such as PGS (23) have been used (24) . PGS films were patterned with the desired microvasculature and bonded to a flat film to create a capillary network.
Layer-by-layer microfluidic patterning has also been used to generate scaffolds (25) (26) (27) . In this method, cells and matrix biopolymers were flowed through channels with controlled flow rates. By sequential deposition of cells and matrix on particular regions within the microchannels, 3D structures were generated with controlled location of the deposited cells.
Alternative methods of fabricating scaffolds with microscale and nanoscale resolution include 3D printing, microsyringe deposition, tissue spin casting, and electrospinning of nanofibers. In 3D printing, polymer particles and salt are printed by using a bonding agent, which forms a porous scaffold once the salt is dissolved (28, 29 For example, gradients of molecules are commonly used in the body to regulate cell migration, axon extension, angiogenesis, and differentiation. Therefore, controlling the spatial location of molecules on a surface or throughout a material could be potentially beneficial for tissue engineering (34) . A common approach to generate gradients is to release molecules from a source to form a concentration gradient over time as the molecule diffuses away from the source (35) . However, these gradients are unstable, and it is difficult to control their shapes. Therefore, methods for conjugating biomolecules to materials have been used to increase the stability of signaling molecules in a spatially controlled manner. For example, by using lasers, specific regions within an agarose gel were tethered with RGD (Arg-Gly-Asp) peptide, which allowed for neurite extension within peptide-modified regions (36) . By using similar techniques, multicomponent, spatially patterned, photocrosslinkable hydrogels were fabricated to localize growth factors within hydrogels (37) . Microfabrication approaches such as microfluidics provide an attractive alternative to these technologies because of their availability and cost effectiveness. Recently, the ability to pattern fluids within microchannels has been merged with photopolymerization chemistry to form spatially oriented hydrogels (38, 39) . As a result, gradients of the photocrosslinkable monomers were formed within microfluidic channels and subsequently gelled by exposure to UV light. Hydrogels were synthesized with gradients of signaling or adhesive molecules or with varying crosslinking density across the material ( Fig. 3) with the ability to direct cell behavior such as migration, adhesion, and differentiation (39, 40) .
In addition to bulk characteristics of scaffold materials, surface properties also have a significant effect on cellular behavior such as cell adhesion and migration. Microcontact printing has been used to modify surfaces of scaffold materials such as PLGA (41, 42) , poly(lactic acid) (42) , and chitosan (43) with variations of polyethylene glycol (PEG) or other biological ligands, such as RGD or biotin (44) . In addition, other techniques such as microfluidic patterning have been used to generate patterns on various tissue engineering surfaces such as PLGA (45) . In most cases, these techniques have been limited to 2D substrates, and their incorporation to porous scaffolds remains a challenge.
Microfabrication approaches have also been used to control substrate topography with resolutions as small as 50 nm to control various cell fate decisions.
For example, it has been seen that surface topography of tissue culture substrates can significantly affect cardiomyocyte orientation. In these cultures, topographical features that were a few microns across were used to orient cells and enhance their function (46) . Furthermore, because microtextured and nanotextured substrates have been shown to significantly influence cell adhesion, gene expression (47) (48) (49) , and migration (50), such features can be incorporated into microfabricated tissue engineering scaffolds to provide functional cues to cells. For example, topographically patterned PLGA surfaces have been shown to induce alignment and elongation of smooth muscle cells (51) and to enhance the adhesion of several cell types such as endothelial cells and smooth muscle cells (52, 53) . Although these approaches have not been easily incorporated into 3D PLGA scaffolds, it may be possible to stack PLGA layers with the desired topographical features to induce specific cell responses.
Controlled Microbioreactors. Bioreactors could be useful in tissue engineering either for growing cells and tissues or as extracorporeal devices for liver and kidney diseases. Microfluidic bioreactors are potentially advantageous for cellular applications because they provide a large surface-area-to-volume ratio, as well as many other biomimetic properties. Recently, microreactors have shown promise in applications where conventional bioreactors have failed to provide the cells with adequate nutrients and oxygen. For example, multilayer PDMS microfluidic networks have been used to culture hepatocytes in vitro (54, 55) . Inside these reactors, hepatocytes were maintained for many days as they spread and grew to confluency within the channels. In addition, at least 10 layers have been stacked, indicating that such technology is scalable. In another approach, the combination of 3D architecture and fluid perfusion has been used to mimic liver sinusoids (56) . Silicon microfluidic chips with holes through the plates were placed on a membrane. The medium was flowed through each hole in the membrane as the cells were retained inside each well. Inside these wells, cells formed spheroids and maintained elevated liver function. Microchannels have also been used as improved versions of flat plate bioreactors for hepatocyte culture with the ability to control parameters such as shear stress, contact with parenchymal cells, and oxygenation (57, 58) .
Future generations of microfluidic reactors provide powerful means of exposing cells to various physiological stimuli. For example, a Braille system has been developed to create physiological flow conditions such as pulsatile flow. In this scheme, computer-actuated metal pins were used to deform PDMS channels to pump and regulate the flow of the fluid within the microchannels (59, 60) . In addition, complex reactors have been fabricated with the aim of recapitulating the multiple organ interactions of the body. For example, compartmentalized microreactors have been generated to mimic the key functions of the lungs, liver, and fat tissues (61) . These animal-on-a-chip devices could be used to test the pharmacological and toxicity effects of drugs in a controlled manner.
Cell Assembly for Tissue Engineering. Artificial microtissues can also be fabricated by inducing the reaggregation of one or more cell types (62) . These microtissues may be beneficial for applications such as pancreatic, liver, vascular, and cardiac tissue engineering, as well as drug discovery. Layering of cells has been used to engineer myocardial tissues by assembling multiple sheets of cardiomyocytes (63) or to engineer blood vessels by fabricating cylindrically rolled sheets of endothelial cells (64) . Although such approaches may be suitable for some tissue engineering applications, they lack the complexity associated with the architecture of more complex organs. Microscale approaches may provide a solution to this challenge as templates to generate microtissues in a reproducible manner. For example, by using a combination of microcontact printing and micromachining, hepatocyte spheroids have been formed (65) . More recently, nonadhesive PEG microwells have been used as templates for formation of aggregates of various cell types, including ES cells (66) (Fig. 4) . This approach aims to overcome the disadvantages associated with the hanging drop and suspension culture methods (62) by providing control over the size, shape, and other features of the cellular assembly in a scalable manner. The controlled formation of embryoid bodies may also be important in generating more homogeneous cultures that are capable of directing the differentiation of ES cells. In addition, template-based assembly of cells could be used to organize multiple cell types into specific geometries relative to each other within these aggregated tissue sections. It is envisioned that with the integration of such technologies with biomaterials such as photocrosslinkable gels and microfluidics, more complex tissue sections for therapeutic applications can be fabricated.
Controlling the Cellular Microenvironment in Vitro
A major challenge to the clinical feasibility of tissue engineering is a viable cell source. Cells have been traditionally derived from autografts (from the same patient), allografts (from others), or xenografts (from other species). With the emergence of adult stem cells and ES cells, potentially powerful cell sources have emerged. One of the major challenges associated with the use of stem cells is to understand the microenvironmental cues that regulate their fate. Microscale approaches can also be used to control culture conditions and perform high-throughput experimentation, hence providing a suitable tool to study cell-microenvironment interactions in vitro. In most tissue culture systems, the cellular microenvironment is vastly different relative to in vivo conditions. In the body, cells are exposed to a controlled microenvironment that is tightly regulated with respect to interactions with the surrounding cells, soluble factors, and ECM molecules. In particular, the spatial and temporal distribution of these signals is tightly controlled and unique to each organ. Furthermore, cells in the body are exposed to a 3D environment instead of the 2D environment experienced by cells in traditional culture dishes.
Extracellular cues are important in regulating adult stem cell and ES cell fate decisions. Adult stem cells are present within unique stem cell niches that regulate their self-renewal and differentiation (67) (68) (69) (70) (71) . Engineering artificial stem cell niches, potentially through microscale techniques, is a potent bioengineering approach to regulate stem cell fates in vitro (72) . Furthermore, ES cells differentiate based on a series of spatially and temporally regulated signals. Therefore, given the proper series of signals, it may be possible to differentiate ES cells into any desired cell type efficiently and reproducibly (73, 74) . Microscale technologies provide a powerful tool to investigate the extracellular signals that regulate cell fate, because they can control cell-microenvironment interactions and be merged with highthroughput technologies to test many environmental factors simultaneously. In general, microscale approaches to control cell-microenvironment interactions can be separated into cell-cell, cellmatrix, and cell-soluble factor components (Fig. 5) , which are described below.
Arrays of Cells for Clonal Analysis and Con-
trolling Cell Shape. Cell arrays have been used to pattern stem cells on 2D substrates (Fig. 5A) . Arrays of cells can be used to localize and track individual cells, enabling clonal analysis of stem cell fates (75, 76) . For example, clonal populations of neural stem cells were immobilized within microfabricated structures, and their progeny was tracked by using real-time microscopy, yielding information about cellular kinetics and cell fate decisions in a highthroughput manner (76) (Fig. 6) . By using this approach, it is possible to study the response of individual stem cells to various microenvironmental signals.
Cell patterning on geometrically defined shapes has been used to study the effects of cell shape on various cell fate decisions. As cells adhere onto micropatterned substrates, they align themselves to the shape of the underlying adhesive region. This shape change induces changes in the cytoskeletal features and has been shown to influence apoptosis and proliferation (77). More recently, it has been determined that cell shape can also control stem cell differentiation. When human mesenchymal stem cells were patterned on fibronectin islands of various sizes, cells on large islands adhered and flattened, whereas cells on small islands generated spherically shaped cells. As these cells were stained for differentiation markers, it was observed that the spread cells generated osteoblasts, whereas spherical cells gave rise to adipocytes (78) (Fig.  7) . Further elucidation of the mechanism indicated that cell shape regulated the activation of the RhoA pathway, demonstrating that mechanical stresses experienced during differentiation can be crucial for directing stem cell differentiation. Therefore, controlling the cellular microenvironment through micropatterning may be used for directing cell fate for tissue engineering applications.
Microfluidics for Regulating Cell-Soluble
Factor Interactions. The ability to laminarly flow fluids within microchannels can be used to control the spatial positioning of soluble factors relative to cells. Laminar flows form within microchannels because of low convective mixing, which limits molecular transport to diffusion. Laminarly flowing fluids have been used to pattern cells and their microenvironments (79, 80) . Furthermore, an individual cell can be exposed to multiple microenvironments simultaneously by being placed at the interface between two or more adjacent streams (81) . One can treat distinct parts of a cell or cell aggregate to probe the influence of asymmetrically oriented signals on cell behavior or to stain specific regions of a cell for the study of intracellular molecular kinetics. The partial treatment of cell aggregates has already been used to perturb embryonic development and to study the effects of changing the temperature of part of an embryo (82) . In addition, microfluidic gradient generators that are fabricated by using the same principles have been used to study the effects of concentration gradients on cells. Linear or complex soluble gradients are generated by sequential merging, mixing, and splitting of two or more inlet streams, each of which may contain a particular environmental stimulus (83, 84) (Fig. 5C ). These stable gradients have been used to study complex biological systems. For example, cell chemotaxis in response to soluble chemoattractants has been studied to yield insights into neutrophils migration in response to various shape gradients of IL-8 (85) . Microfluidic gradients have also been used to study neural axon extensions (86, 87) and neural stem cell differentiation (88) . It is important to consider design parameters such as shear stress, transport phenomenon, and material-cell interactions within these devices (12) ; however, with the explosion of research in this area in the past few years, such parameters are continuously optimized and modified to attain optimum conditions for various cell types.
Patterned Cocultures for Controlling CellCell Interactions. Inside the body, cells lie in contact or in close proximity to other cell types in a tightly controlled architecture. Tissue engineering constructs that aim to reproduce the architecture and the geometry of tissues will benefit from methods of controlling cell-cell interactions within these tissues. Patterned cocultures are a useful tool for tissue engineered constructs and for studying cell-cell interactions in vitro, because they can be used to control the degree of homotypic and heterotypic cell-cell contact. Some of the pioneering work in this area has been performed by studying the interaction of hepatocytes and nonparenchymal fibroblasts in cocultures (89) . By using these techniques, specific information about the nature of hepatoycte and fibroblast interaction in culture has been elucidated (90) (91) (92) . Although the original methods of fabricating patterned coculture required selective adhesion of each cell types to a particular material on a patterned region, subsequent methods have been developed that allow a wider array of cell types to be tested. The recently developed methods are based on thermally reversible polymers (93, 94) , layer-by-layer deposition of ionic polymers (95) (Fig. 5B) , microfluidic deposition (96) , and molding of hydrogels (97) . Through these approaches, other coculture techniques have been used to probe the interaction of a number of other cell types, including ES cells and other developmentally relevant cell types (95) .
High-Throughput Assays for Tissue Engineering. Material arrays. As methods to develop small-molecule (98), polymeric (99) , and genome-based libraries become more widespread and available, there is a great need to test these libraries by using high-throughput assays. Such libraries are useful for tissue engineering and have already yielded candidates that have been shown to induce osteogenesis (100) and cardiomyogenesis (101) from ES cells as well as the dedifferentiation of committed cells (102) . Microscale technologies can miniaturize assays and facilitate high-throughput experimentation and therefore provide a (Fig. 8) . In this approach, thousands of polymeric materials were synthesized, and their effect on differentiation of human ES cells (103) and human mesenchymal stem cells (104) was evaluated. These interactions have led to unexpected cell-material interactions. Although the molecular mechanisms associated with the biological responses have yet to be clarified, such technology may be widely applicable in cellmicroenvironment studies and in the identification of cues that induce desired cell responses. Also, the materials that yield the desired responses could be used as templates for tissue engineering scaffolds. Such an approach is a radical change from traditional methods of developing new biomaterials, where polymers have been individually developed and tested for their effect on cells.
In addition to analyzing synthetic material libraries, the effect of natural ECM molecules on cell fate can be evaluated in a high-throughput manner. In one example, combinatorial matrices of various natural ECM proteins were tested for their ability to maintain the function of differentiated hepatocytes and to induce hepatic differentiation from murine ES cells (105) . Microfluidic systems. Microfluidic systems are ideal for performing cell-based highthroughput experiments because they are cheap and can be used to miniaturize assays, reduce expensive reagent volumes, and reduce cell numbers (19) . Microfluidic arrays can be used to perform screening experiments, to test drug toxicity, and to optimize culture conditions for inducing specific cell fates. To create such systems, it is important to be able to culture cells inside microfluidic devices in a reliable and long-term manner and to be able to combine these devices in such a way as to test many conditions simultaneously. Many experiments have localized cells within microfluidic channels; however, the long-term survival of cells inside these channels has not been demonstrated (75, 87) . In addition, it is important to localize the cells in particular regions of microfluidic channels by using substrate patterning or topographical structures (66, 106) . Also, it is important to interface the microscale channels to the outside world. Current techniques include the use of complicated valves and pumps to fabricate large arrays of microchannels that can be individually addressed (107) . The ability to test various combinations and doses of drugs can be useful for performing factorial experiments, which can optimize culture conditions for inducing various biological fates (108) . An alternative approach for cell-based molecular screening is to use multiphenotype cell arrays (109, 110) . In these systems, the effect of a soluble factor can be tested on many cell types simultaneously. Incorporating multiphenotype cell arrays within microfluidic arrays has shown promise as a tool for fabricating high-throughput assays (110) .
Future Directions
The synthesis of new materials and the incorporation of improved fabrication strategies have led to dramatic enhancements in the complexity and biomimecry of today's tissue engineering constructs. In particular, the use of microscale technologies in tissue engineering, either directly as transplantable constructs or indirectly as a tool for understanding the biology of organs, has pushed the field closer to clinical therapies. However, significant challenges need to be addressed. These barriers include the lack of suitable materials with the desired degradation rates, products, and suitable mechanical properties for the desired tissue.
Another challenge that must be addressed is the optimization of scaffold architecture, including pore size, morphology, surface topography, and bioactivity. Also, new and optimized processing methods must be developed to address issues related to cell seeding, vascularization, and fabrication of 3D tissues without cumbersome methods of assembly. Furthermore, more research is required in testing and validating the in vivo functionality of microfabricated constructs and in assessing the performance of these constructs against competing technologies.
In addition, microscale tools have provided much insight into the fundamental biology of how cells interact with the surrounding components, such as cell-cell, cell-soluble factors, and cell-ECM molecules. This knowledge should be used to direct cell fates as a cell source or be incorporated into tissue engineering scaffolds. Thus, the continued merger of engineering, medicine, materials, and biological sciences as mediated by microscale approaches in tissue engineering and biology will enhance our ability to create in vivolike physiological models that can be used for fabricating tissues or for understanding fundamental biology.
Conclusions
The widespread use and availability of lithographic technologies have made microscale engineering a powerful tool for tissue engineering and biological applications. Microfabrication techniques and engineered biomaterials are being used for tissue engineering in a variety of applications: for example, by fabricating scaffolds with control over features such as shape and pore architecture, as templates for microtissue formation, or as improved bioreactors. In addition, microscale control of cellular environments has been used to probe the inf luence of the spatial and temporal effects of specific cell-cell, cell-ECM, and cell-soluble factor interactions on cell fate. Finally, the ability to simultaneously test many environmental factors on cell behavior has been used to optimize culture conditions and material-cell interactions. 
